We present photometric and spectroscopic observations of ASASSN-13co, an unusually luminous Type II supernova and the first core-collapse supernova discovered by the AllSky Automated Survey for SuperNovae (ASAS-SN). First detection of the supernova was on UT 2013 August 29 and the data presented span roughly 3.5 months after discovery. We use the recently developed model from Pejcha & Prieto (2014) to model the multi-band light curves of ASASSN-13co and derive the bolometric luminosity curve. We compare ASASSN-13co to other Type II supernovae to show that it was a unique event that was not only unusually bright for a Type II supernova but also exhibited an atypical light curve shape that does not cleanly match that of either a standard Type II-L or Type II-P supernova.
INTRODUCTION
Type II supernovae have been widely studied and are known to arise from progenitors that retain their hydrogen envelopes before exploding as core-collapse supernovae (see Filippenko 1997 , for a review). Traditionally these supernovae have been divided into two groups based on the shapes e-mail: tholoien@astronomy.ohio-state.edu of their light curves: Type II-Linear (II-L), which show a steady decline in magnitude at optical wavelengths, and Type II-Plateau (II-P), which exhibit a lengthy "plateau" phase in their optical light curves where the magnitude decline is very small (e.g., Arcavi et al. 2012; Faran et al. 2014a,b) . These observed differences arise from differences in the thickness of the hydrogen envelope remaining around the star (e.g., Arcavi et al. 2012; Sanders et al. 2014) . However, in recent years it has been suggested that this distinction is perhaps an oversimplification, and that Type II supernova light curve shapes are simply a continuum of properties (e.g., Anderson et al. 2014; Sanders et al. 2014) .
In order to better understand the physics that drive these observed differences, a new phenomenological model has been developed that uses photospheric velocities and multi-band photometry to model the light curves of Type II supernovae and derive physical properties such as bolometric luminosity, ejected nickel mass, and temperature and radius evolution (Pejcha & Prieto 2014, henceforth PP14) . This model, combined with detailed observations of new close-by Type II supernovae, provides a new tool for investigating the diversity of these supernovae and the physical processes that drive their observed properties. In particular, unusual events, such as particularly bright supernovae or those with light curve shapes that do not match typical Type II-P or Type II-L shapes, may be especially revealing.
Here we describe the discovery and follow-up observations of ASASSN-13co, an unusually luminous Type II supernova with an atypically slow V -band decline rate. The transient was the first core-collapse supernova discovered by the All-Sky Automated Survey for SuperNovae (ASAS-SN 1 ; Shappee et al. 2014 ), a long-term project to monitor the whole sky on a rapid cadence to find nearby supernovae and other bright transients (see Shappee et al. 2014 for details), such as AGN activity (e.g., Shappee et al. 2014) , extreme stellar flares (e.g., Schmidt et al. 2014) , outbursts in young stellar objects (e.g., Holoien et al. 2014b) , and tidal disruption events (e.g., Holoien et al. 2014a) .
Our transient source detection pipeline was triggered on 2013 August 29, detecting a new source with V = 16.9 ± 0.1 mag at the coordinates RA = 21:40:38.72, Dec = +06:30:36.98 (Holoien et al. 2013) . The object was also marginally detected on 2013 August 27 at roughly the same The archival SDSS spectrum of the host is that of a late-type star forming spiral galaxy. To obtain magnitudes of the host galaxy, we performed aperture photometry on archival SDSS ugriz images including all galaxy flux and retrieved 2MASS JHKS magnitudes from the 2MASS Extended Source Catalog (Skrutskie et al. 2006) . We then used the code for Fitting and Assessment of Synthetic Templates (FAST v1.0; Kriek et al. 2009 ) to fit stellar population synthesis (SPS) models to the archival magnitudes of the host galaxy. The fit was made assuming a CCM extinction law (Cardelli, Clayton & Mathis 1988) with RV = 3.1, an exponentially declining star-formation history, a Salpeter IMF, and the Bruzual & Charlot (2003) models. We obtained a good SPS fit (reduced χ and Balmer lines with P-Cygni profiles characteristic of a young Type II supernova. The broad Hα line showed a minimum P-Cygni absorption velocity of ∼ 12, 000 km s −1 and a possible detection of a faster component with velocity of ∼ 19, 000 km s −1 (Morrell & Prieto 2013) . With an absolute V -band magnitude of roughly −18.1 at detection, this was atypically bright for a Type II SN, and we decided to start a follow-up campaign in order to fully characterize this interesting transient.
In §2 we describe data taken of the supernova during our follow-up campaign. In §3 we analyze these data and describe the properties of the transient, using the recent model from PP14 to fit the supernova's multi-band light curves and derive its bolometric luminosity. Finally, in §4 we compare these properties to those of supernovae in literature to examine the nature of the object.
OBSERVATIONS
In this section we summarize our new photometric and spectroscopic observations of ASASSN-13co.
New Photometric Observations
After detection of the transient, we were granted a series of Swift X-ray Telescope (XRT; Burrows et al. 2005) and UVOT target-of-opportunity (ToO) observations between 2013 September 3 and 2013 October 19. We were also granted an additional late-time epoch of observations to be used for host flux subtraction on 2014 April 7. The Swift UVOT observations of ASASSN-13co were obtained in 6 filters:
, and U V W 2 (1928Å) (Poole et al. 2008) . We used the UVOT software task Uvotsource to extract the source counts from a 5. 0 radius region and a sky region with a radius of ∼40. 0. The UVOT count rates were converted into magnitudes and fluxes based on the most recent UVOT calibration (Poole et al. 2008; Breeveld et al. 2010 ). The UVOT Vega magnitudes are shown along with other photometric data in Figure 2 .
The XRT was operating in Photon Counting mode (Hill et al. 2004 ) during our observations. The data from all epochs were reduced and combined with the software tasks Xrtpipeline and Xselect to obtain an image in the 0.3−10 keV range with a total exposure time of ∼ 25, 300 s. We used a region with a radius of 20 pixels (47. 1) centered on the source position to extract source counts and a source-free region with a radius of 100 pixels (235. 7) for background counts. From this combined image, we detect a source at the position of the supernova at a level of (5.0
−4 counts s −1 . To convert this to a flux, we assume a power law spectrum with Γ = 2 and Galactic H I column density (Kalberla et al. 2005) , yielding a flux of ∼ 2.5 × 10 −14 erg cm −2 s −1 . At the host distance of d = 92 Mpc, this corresponds to a luminosity of LX = 2.5 × 10 40 erg s −1 (6.6 × 10 6 L ). Due to a lack of prior X-ray data for the host galaxy, we cannot determine whether this X-ray flux is from the supernova or the host, and we do not include the X-ray detection in the analyses that follow.
In addition to the Swift observations, we obtained gri images with the LCOGT 1-m telescopes located at Sutherland, South Africa, Cerro Tololo, Chile, and at the MacDonald Observatory between 2013 October 4 and 2013 December 14. We also obtained an image subtraction template epoch in all three filters on 2014 June 5 from the MacDonald Observatory telescope. We measured aperture photometry on the LCOGT images using a 5. 0 aperture radius to match the Swift UVOT measurements. The photometric zero points were determined using several SDSS stars in the field. These data are shown in Figure 2 . Figure 2 shows the UV and optical light curves of ASASSN-13co from MJD 56528.1, the estimated explosion date, to our latest epoch of observations on MJD 56641.1 (113 days after explosion) without extinction correction or host flux subtraction. Also shown are the dates of spectroscopic follow-up observations and the 5. 0 aperture magnitudes measured at the position of the supernova in the latetime subtraction template images. The gri data in all epochs and UV data in later epochs are heavily contaminated by host galaxy flux.
In order to isolate the supernova flux for more accurate photometric measurements, we performed host flux subtraction in two ways. For the LCOGT gri images, we aligned the 2014 June 5 template images to the supernova images using 4000 5000 6000 7000 8000
Rest Wavelength (Å) (Quimby et al. 2007 ) and SN 1999gi (Leonard et al. 2002) at three epochs. The evolution of ASASSN-13co looks very similar to both comparison objects, particularly SN 1999gi.
stars in the field and used Hotpants 2 , an implementation of the Alard (2000) algorithm for image subtraction, to subtract the templates from the science images. We then performed photometry using a 5. 0 aperture on the subtracted images to obtain host-flux subtracted measurements of the supernova flux. For the Swift data, we were unable to use Hotpants because there are too few stars in the field. Instead, we measured the 5. 0 host galaxy flux at the position of the supernova in the 2014 April 7 template image. We then subtracted this flux from the flux measurements made in the science epochs, producing host-subtracted flux measurements that were then converted to host-subtracted magnitudes. These host-subtracted magnitudes are used in the light curve fits and analysis presented in §3.
New Spectroscopic Observations
We obtained nine low-and medium-resolution optical spectra of ASASSN-13co spanning more than two months between 2013 September 1 and 2013 November 15. The spectra were obtained with WFCCD mounted on the LCO du Pont 2.5-m telescope (range 3700 − 9500Å, R ∼ 7Å), the MDM Modular Spectrograph (Modspec) mounted on the MDM Observatory Hiltner 2.4-m telescope (range 4660 − 6730Å, R ∼ 4Å), the Ohio State Multi-Object Spectrograph (OS-MOS; Martini et al. 2011 ) mounted on the MDM Observatory Hiltner 2.4-m telescope (range 4200−6800Å, R ∼ 4Å), 2 http://www.astro.washington.edu/users/becker/v2.0/ hotpants.html and with DIS mounted on the Apache Point Observatory 3.5-m telescope (range 3500 − 9600Å, R ∼ 7Å). The spectra were reduced using standard techniques in IRAF. We applied telluric corrections to all the spectra using the spectrum of the spectrophotometric standard observed the same night. Figure 3 shows a montage of the flux-calibrated spectra.
The main characteristics of the spectra of ASASSN-13co are a strong blue continuum in the early epochs that becomes weaker over time and broad emission features in all epochs, most notably Hα and Hβ. These features are characteristic of a Type II supernova, and we used the first followup spectrum of ASASSN-13co (from UT 2013 September 01) to classify the supernova using the Supernova Identification code (SNID; Blondin & Tonry 2007) . The best SNID matches were normal Type II-Plateau (II-P) supernovae around maximum light and at a redshift z = 0.023, consistent with the host galaxy redshift measurement in Springob et al. (2005) . Based on the SNID results and non-detection limits from ASAS-SN, we constrained the explosion date of ASASSN-13co to MJD 56529.1±1 day. This constraint is used in §3 when fitting the supernova light curve with the PP14 model.
Based on these results, we compare the spectra of ASASSN-13co at three epochs to two Type II supernovae that showed good matches with ASASSN-13co in SNID, SN 2006bp (Quimby et al. 2007 ) and SN 1999gi (Leonard et al. 2002) , in Figure 3 . All archival spectra of comparison objects were retrieved from the Weizmann Interactive Supernova data REPository (WISeREP; Yaron & Gal-Yam 2012) . The Figure 4 . Line velocity evolution for the spectroscopic lines used to measure velocities. Each line is shown with a different symbol and color. Symbols represent the measurements, while the connecting lines are provided only to guide the eye. The velocities are higher than typical for a Type II supernova, but the evolution is normal. Table A2 contains all the measured velocity data.
comparison confirms that ASASSN-13co resembles a normal Type II-P supernova spectroscopically.
Finally, we used a number of emission lines in ASASSN13co's spectra (indicated in the left plot of Figure 3 ) to measure photospheric velocities at different epochs. Figure 4 shows the measured velocity for each line in each epoch it was detected. The line velocity evolution is consistent with that of other Type II supernovae (e.g., Quimby et al. 2007; Valenti et al. 2014) , providing further evidence that, spectroscopically, ASASSN-13co does not show any features that differentiate it from normal Type II-P supernovae.
LIGHT CURVE FITS AND ANALYSIS
Using the host-subtracted photometry and spectroscopic Fe II (5169Å) line expansion velocities we fit the multi-band light curves of ASASSN-13co using the PP14 model. This phenomenological model uses the supernova's photometric measurements and line velocities to derive the photospheric radius and temperature variations of the supernova. These variations can then be used to calculate light curves in other filters, bolometric luminosities, Nickel-56 masses, and other quantities of interest. The model is based on a sample of 26 well-observed Type II-P supernovae and is designed for fitting such supernovae, but PP14 show that it works for Type II-L supernovae as well. When fitting the light curves of ASASSN-13co, we constrained the explosion date to MJD 56529.1±1.0 day so that the fits will be consistent with our spectroscopic observations. We performed the fit with the distance modulus unconstrained, finding a best-fit value of 34.46 ± 0.225, which is roughly 0.4 magnitudes off from the value of 34.81 obtained assuming the redshift of 0.023063 obtained from Springob et al. (2005) . However, the small number of expansion velocities and the photometric data for ASASSN-13co indicate that the distance determined using the expanding photosphere method implemented in PP14 Variable names shown correspond to those used in PP14. The "Rescaled" values are the uncertainties scaled so that χ 2 /DOF=1, as described in PP14. An uncertainty of 0.0 indicates that the parameter's value was fixed. In the cases of texp and ω 2 , the model converged on the lower bound of the allowed range for the parameter, and the uncertainty is not calculated. Given photometric data constraints, the uncertainty on texp is about 2 days, but this uncertainty is not propagated to other parameters.
might be unreliable. Therefore, we fit the light curve with a fixed distance modulus of 34.81. There are no noticeable differences in the light curve fits, and we use these results in the analyses that follow. Figure 5 shows the host-subtracted photometry and the light curve fits from the PP14 model, and the best-fit parameters from the PP14 model are given in Table 1 . The shape of ASASSN-13co's light curve appears to resemble that of a Type II-L supernova more than a Type II-P. However, the derived model parameters shown in Table 1 do not seem to fall nicely into either category. The II-P supernovae in the PP14 sample typically showed plateau durations of 85 days tp 130 days and transition widths of 1 day tw 6 days while the Type II-L supernova SN 1980K had a plateau duration of tp ≈ 61 days and a transition width of tw ≈ 13 days. ASASSN-13co appears to fall somewhere between these two classes, showing both a fairly long plateau phase (though one still shorter than the lowend for the II-P sample) and a long transition width, longer even than that of SN 1980K. We note that the exact values of both the plateau duration and transition width are not well constrained due to the lack of later photometric data, but the best-fit values are consistent with the light curve shape. This seems to indicate that ASASSN-13co is neither a Type II-P nor a Type II-L supernova. As discussed later in this section, this may further illustrate that Type II supernovae exhibit a continuum of morphologies rather than two distinct types.
We also obtain an estimate of the evolution of the bolometric luminosity from the PP14 model, which we compare to the supernova sample from PP14 in Figure 6 . The PP14 model constructs the bolometric curve of the input supernova by calculating reddening-corrected spectral energy distributions (SEDs) at many epochs from the derived multiband light curves, then integrating the flux across all wavelengths in these SEDs using the trapezoidal rule. They cut off the integral at wavelengths shorter than 0.19 µm and estimate the long wavelength flux by extrapolating the K-band and the corresponding host-subtracted photometry and velocity measurements (colored points) covering roughly 3.5 months after the explosion (MJD 56528.1, shortly after the final ASAS-SN non-detection on MJD 56527.9). 3-sigma upper limits are shown as downwardpointing triangles. Error bars are shown for all points, but in some cases they are smaller than the data points. Filters are indicated in each panel with the color of the text matching that of the corresponding light curve. The model seems to fit all bands fairly well despite a lack of wavelength coverage, and we truncate the fits shortly after our last epoch of photometric data, as later epochs are poorly constrained by the model. Based on these fits, ASASSN-13co appears to resemble a Type II-L supernova more than a Type II-P, though it declines more slowly than a typical Type II-L. Figure 6 . Evolution of the bolometric luminosity for ASASSN13co (red) compared to the supernovae used in Figure 13 of PP14 (grey). The 1−σ uncertainty region is shown in red around the curve. We truncate the luminosity curve for ASASSN-13co at the time of our final epoch of photometric data to avoid extrapolation by the model. At early times in particular, ASASSN-13co is one of the most luminous supernovae of those shown, and its luminosity decline does not show a strong plateau phase.
flux to infinity assuming the emission follows the RaleighJeans tail of a blackbody. In Figure 6 we truncate the luminosity evolution of ASASSN-13co at the date of our last photometric epoch to avoid extrapolation to epochs that are not constrained by data. As can be seen in Figure 6 , ASASSN13co is more luminous than all but two of the supernovae in the PP14 sample at early times, and its luminosity decreases steadily, rather than showing the rapid fall and "leveling off" characteristic of the II-P supernovae in the sample. This again indicates that ASASSN-13co's light curve morphology does not resemble that of a Type II-P supernova, though its strongest spectral matches from SNID were all to Type II-P supernovae. In addition, Figure 6 shows that ASASSN-13co had an atypically high luminosity at maximum, and it could be even higher at earlier epochs, when emission in the UV was strongest and there might have been significant emission at wavelengths shorter than the 0.19 µm cutoff used in the luminosity integral. In order to check the luminosity fit for consistency, we use the (g − r) color of ASASSN-13co at 41 days past explosion (the first date for which we have LCOGT photometry) to calculate a g-band bolometric correction of BCg = −0.63 ± 0.09 based on Lyman, Bersier & James (2014) . We then calculate a bolometric magnitude from the g-band magnitude and the bolometric correction and convert this to a bolometric luminosity, obtaining L bol (texp +41 days)=(8.6± 0.9) × 10 8 L . The bolometric luminosity fit by the PP14 model at this time is L bol (texp+41 days)=(1.4±0.2)×10 9 L , consistent with the Lyman, Bersier & James (2014) value to roughly 2 sigma. This difference is not unexpected, as the PP14 model overestimates the g-band magnitude in its fit for ASASSN-13co (see Figure 5) .
Recently there has been some debate about whether Type II supernovae truly fall into distinct "II-L" and "II-P" groups (e.g., Arcavi et al. 2012) or whether Type II supernova light curves can have a variety of shapes that do not necessarily conform to one of the two traditional types (e.g., Anderson et al. 2014; Sanders et al. 2014) . In Figure 7 we compare the absolute V -band light curve of ASASSN-13co, derived from the PP14 model fit, to those of the Type II sample used in Figure 2 of Anderson et al. (2014) . Visually, ASASSN-13co's light curve does not seem to be consistent with any of the others in the comparison group: it has a higher absolute magnitude than any of the other supernovae at peak, and although it does appear to decline steadily, like a Type II-L supernova, it appears to do so at an atypically slow rate. While it does not show a distinct "plateau", the slow decline appears to be unusual, particularly for a Type II supernova as bright as ASASSN-13co appears to be. Anderson et al. (2014) found a correlation between the peak absolute V -band magnitude and the slope of the Vband light curve's decline during the plateau phase, indicating that supernovae with smaller peak magnitudes tend to fade at a faster rate than those with higher peak magnitudes. PP14 were able to reproduce this trend using the absolute V -band magnitude and light curve slope at constant effective temperature corresponding to τ = 0, corresponding to roughly the middle of the plateau phase, rather than the peak magnitude and "plateau phase" slope used by Figure 8 . Correlation of the absolute V -band magnitude and the V -band light curve slope measured at τ = 0 for ASASSN13co (red) and the Type II supernova sample shown in Figure 9 of PP14 (black). ASASSN-13co has a shallower slope than other supernovae with similar magnitudes, confirming what can be seen by eye in Figure 7 . Anderson et al. (2014) . In Figure 8 we reproduce Figure 9 from PP14, showing the absolute magnitudes and slopes of the supernovae in their sample, along with ASASSN-13co. Figure 8 confirms what can be seen by eye in Figure 7 while ASASSN-13co is one of the brightest supernovae in Figure 7 , its decline slope seems to be more consistent with supernovae that are two or more magnitudes fainter.
Ultimately, ASASSN-13co appears to be photometrically unique. It is unusually bright for a Type II supernova, with a peak V -band absolute magnitude of ∼ −18.1. Its light curve shape and PP14 model parameters seem to indicate that its properties fall somewhere between those of a typical Type II-L and those of a typical Type II-P, perhaps lending credence to the idea that Type II supernovae should not be divided into two distinct groups. However, it also does not conform to the magnitude-slope relations derived in Anderson et al. (2014) or PP14, as its light curve declines at a rate more typical of a supernova that is ∼ 2 magnitudes fainter. While it is spectroscopically very similar to many Type II-P supernovae, ASASSN-13co's photometric properties are unique for a Type II supernova.
DISCUSSION
Our observations indicate that ASASSN-13co was an unusual event. Its spectra match well to normal Type II-P supernovae, but its light curve shape is a better match to that of a Type II-L supernova, and its peak magnitude (MV ∼ −18.1) is quite high. Light curve fits with the PP14 model corroborate this picture, showing that the bolometric luminosity was atypically high and that its light curve declined at a slow but steady rate. Because it does not fit into either of the traditional designations, we conclude that ASASSN-13co provides additional evidence that Type II supernovae exhibit a wide range of physical and observed properties that cannot be quantified by the simple distinction between II-P and II-L.
ASASSN-13co has proven to be an example of the usefulness of both the PP14 model and the ASAS-SN project. While the PP14 model was designed specifically to model the light curves of Type II-P supernovae, it is able to provide a reasonable fit to our data despite ASASSN-13co exhibiting a light curve that declines at an unusually slow rate. That we are able to extract a bolometric luminosity curve and other properties from these fits that do not depend on theoretical models provides an example of how the PP14 model will be a powerful tool for investigating the diverse properties of Type II supernovae in the future. It also allows us to compare objects with different photometric datasets, as we have done in our comparison with the Anderson et al. (2014) sample: ASASSN-13co has no Johnson V -band data, but the PP14 model allows us to "predict" that flux, making a comparison possible.
ASASSN-13co represents a similar success for the ASAS-SN project, as it appears to be a somewhat unique event and provides an example of the quality of study that can be done with ASAS-SN discoveries. As ASAS-SN is comprised only of small telescopes, its discoveries can be observed in great detail using relatively small 1-and 2-m class telescopes, and with 70 supernova discoveries (including 19 Type II supernovae) at this time, it will undoubtedly be an extremely useful project for investigating the diversity of these events in the future. Magnitudes and uncertainties are presented in the natural system for each filter: ugriz magnitudes are presented in the AB system, Swift filter magnitudes are presented in the Vega system. 3-sigma upper limits are given for epochs with no detection.
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The Bright Type II SN ASASSN-13co 11 Column headers indicate the lines and wavelengths used to measure the velocities. All velocities are listed in km s −1 and no value is given for epochs where a measurement was not possible.
